Oxidation of low-density lipoproteins (LDL) generates high concentrations of unsaturated aldehydes, such as 4-hydroxy trans-2-nonenal (HNE). These aldehydes are mitogenic to vascular smooth muscle cells and sustain a vascular inflammation. Nevertheless, the processes that mediate and regulate the vascular metabolism of these aldehydes have not been examined. In this communication, we report the identification of the major metabolic pathways and products of [ 3 H]-HNE in rat aortic smooth muscle cells in culture. High-performance liquid chromatography separation of the radioactivity recovered from these cells revealed that a large (60-65%) proportion of the metabolism was linked to glutathione (GSH). Electrospray mass spectrometry showed that glutathionyl-1,4 dihydroxynonene (GS-DHN) was the major metabolite of HNE in these cells. The formation of GS-DHN appears to be due aldose reductase (AR)-catalyzed reduction of glutathionyl 4-hydroxynonanal (GS-HNE), since inhibitors of AR (tolrestat or sorbinil) prevented GS-DHN formation, and increased the fraction of the glutathione conjugate remaining as GS-HNE. Gas chromatography-chemical ionization mass spectroscopy of the metabolites identified a subsidiary route of HNE metabolism leading to the formation of 4-hydroxynonanoic acid (HNA). Oxidation to HNA accounted for 25-30% of HNE metabolism. The formation of HNA was inhibited by cyanamide, indicating that the acid is derived from an aldehyde dehydrogenase (ALDH)-catalyzed pathway. The overall rate of HNE metabolism was insensitive to inhibition of AR or ALDH, although inhibition of HNA formation by cyanamide led to a corresponding increase in the fraction of HNE metabolized by the GSH-linked pathway, indicating that ALDH-catalyzed oxidation competes with glutathione conjugation. These metabolic pathways may be the key regulators of the vascular effects of HNE and oxidized LDL.
Introduction
High concentrations of unsaturated aldehydes such as 4-hydroxy trans-2-nonenal (HNE), malonaldehyde (MDA) and acrolein [1] [2] [3] are generated during in vitro oxidation of low-density lipoprotein (LDL). These aldehydes form covalent adducts with apolipoprotein (apo) B [1,2,4 -6] , and trigger the uptake of LDL by scavenger receptors [6] located on vascular tissues, including vascular small muscle cells (VSMC) [1, 6] . Moreover, antibodies against protein-HNE and protein-MDA adducts stain atherosclerotic lesions [6] [7] [8] [9] , and high titers of these antibodies are present in sera of human and animals with peripheral or coronary artery disease and in apoE-deficient mice [10] [11] [12] . The aldehydes generated during oxidation do not remain sequestered in the LDL particle, but diffuse to distal sites [13] generating epitopes that do not colocalize with apoB [6] . In addition, antibodies against protein aldehyde adducts also stain focal areas of neointima after balloon injury [14] , and VSMC of arteries with giant cell arteritis [15] ; and increased formation of lipoxidation products such as HNE and MDA has been reported for diabetic aorta [16] . Nevertheless, the contribution of these aldehydes to atherogenesis remains unclear.
The a,b-unsaturated aldehydes (alkenals and 4-hydroxyalkenals) are derived from the oxidation of v-6-polyunsaturated fatty acids such as arachidonic, linolenic and linoleic acids [2] , which are particularly abundant in LDL [17] . Due to the conjugated a,b-unsaturation, these aldehydes react avidly with cellular nucleophiles such as glutathione, cysteine, lysine and histidine side chains of proteins, and with DNA bases [2] . As a result, high concentrations of these aldehydes are cytotoxic to most cells, and non-cytotoxic concentrations cause profound changes in gene expression and cellular metabolism. The HNE, for instance, stimulates VSMC growth [18] , and forms selective adducts with c-Jun N-terminal kinase, inducing its phosphorylation [19] . It also increases DNA binding activity of AP-1 [18, 20] , production of reactive oxygen species (ROS) [20] , and transforming growth factor-b [21] , and inhibits the NF-kB/Rel system and the synthesis of tumor necrosis factor (TNF)-a [22] . These observations suggest that low steady-state generation of lipid-derived aldehydes mediates and sustains chronic inflammation. Indeed, it has been proposed that these aldehydes act as second messengers of ROS [2] to signal or indicate pro-oxidant states.
To understand how aldehydes derived from oxLDL regulate and alter VSMC function, it is essential to identify the processes involved in their metabolism and detoxification. However, little is known in regard to the mechanisms by which VSMC metabolize these aldehydes. The present study was, therefore, designed to identify the major biochemical pathways involved in the VSMC metabolism of HNE, which is one of the most abundant and toxic aldehydes generated during the oxidation of LDL [1, 2] .
Materials
Cyanamide, 4-methyl pyrazole (4-MP), aldehyde dehydrogenase (ALDH), NAD, NADPH and glutathione (GSH) were purchased from Sigma Chemical Company. Sorbinil (CP-45643; (+ )-(4S)-6-fluorospirol(chroman-4,4%-imidazolidine)-2,5'-dione) and tolrestat (Ay-27773; N- [6-methoxy-5 -(trifloromethyl)-1-napthalenyl]thioxomethyl-glycine) were gifts from Pfizer and Ayerst, respectively. All other reagents were of the highest purity available. H]-HNE was synthesized as its dimethyl acetal with a specific activity of 75-100 mCi/mmol as described earlier [23] . Prior to the experiments, [ 3 H]-HNE was released by the acid hydrolysis of the dimethyl acetal and purified by high-performance liquid chromatography (HPLC). Radiolabeled 1,4-dihydroxy-2-nonene (DHN), 4-hydroxy-2-nonenoic acid (HNA), glutathionyl conjugate of HNE (GS-HNE) and its reduced form (GS-DHN) were synthesized using recombinant aldose reductase (AR) as described earlier [24] and purified by HPLC. The identity and purity of the reagent HNE, DHN and HNA were established by nuclear magnetic spectroscopy and gas chromatography -chemical ionization mass spectroscopy (GC-CI/ MS), and that of GS-HNE and GS-DHN by electrospray ionization mass spectroscopy (ESI/MS).
Methods

Chemical synthesis
HPLC analysis
Synthesized radiolabeled standards were separated by HPLC using a Varian ODS C 18 column pre-equilibrated with 0.1% trifluoroacetic acid at a flow rate of 1 ml/min. The gradient was established such that B reached 16.6% in 20 min, 41.5% in 35 min and held at 41.5% for 30 min. In an additional 10 min, B reached 100% and was held at this value for 20 min. In this system, the retention time (~R) of the glutathione conjugates (GS-HNE and GS-DHN) was 46 min, and the DHN, HNA and HNE eluted at~R = 59, 68, and 76 min, respectively (Fig. 1A) .
Mass spectrometry
ESI/MS analyses were performed on a Finnigan MAT TSQ70 triple quadrapole instrument upgraded with TSQ 700 software and a 20-kV conversion dynode electron multiplier. The ESI/MS operating parameters were as follows: needle voltage, 3.6 kV; nozzle voltage, 250 V; repeller voltage, 5 V; and source block temperature, 155°C. Wherever required, bath nitrogen was introduced into the spray region at 3 psi. Samples were diluted 1:5 with the solvent (100/100/0.5 (v/v), methanol/water/acetic acid) and then introduced into the mass spectrophotometer using a Harvard syringe pump at a rate of 0.82 ml/min. Spectra were acquired at the rate of 275 atomic mass units/s over the range 100-650 atomic mass units.
Gas chromatography-chemical ionization mass spectrometry
For GC -CI/MS analyses, the samples were derivatized with 10 ml diethyl ether and 50 ml N-methyl-N-(tbutylidimethylsilyl)-trifluoroacetamide for 40 min at room temperature. One microliter aliquots were used for analysis. The GC-CI/MS analysis was performed using a Finnigan Incos 50 GC/MS system held at a temperature of 150°C using ammonia as the reagent gas. Gas chromatographic separation was achieved using a DB-5 fused silica capillary column (30 m× 0.32 mm inside diameter, 0.25 mM film thickness; J&W Scientific, Folson, CA). The column was held at 115°C for 5 min, and then programmed to increase at a rate of 4°C/min to 165°C, and then to 250°C at a rate of 50°C/min. The column was held at 250°C for 5 min. Other parameters were: injector temperature, 270°C; and transfer line temperature, 280°C. To avoid a large peak due to the N-methyl-N-(t-butyldimethylsilyl)-trifluoroacetamide reagent, chemical ionization mass spectra were collected in the positive ion mode over a range from m/z 245 to 500 at a rate of 1 scan/s.
Isolation and culture of VSMC
Cells were dissociated enzymatically from the aortae of male Sprague-Dawley rats (200-300 g; Harlan, Indianapolis, IN). Purity of the isolated VSMC was established by immunohistochemistry using smooth muscle a-actin and Factor VIII antibodies. Cells were seeded and grown in T75 flasks (Corning, VWR, Houston, TX) in Dulbecco's Modified Eagle Medium (Gibco BRL, Grand Island, NY) supplemented with 10%, heat-inactivated bovine fetal calf serum (Hyclone, Logan, UT) and 0.1% penicillin/streptomycin. Two different preparations of cells from passage 6-13 were used for these studies. After serial passaging, most rat VSMC are of the synthetic phenotype [25] . The cells were seeded at a density of 2× 10 6 cells per T-75 flask. The cells became confluent in 4-5 days, reaching a density of (8-10)× 10 6 cells per flask. Cell viability was determined by the enzyme-linked immunosorbent assay-based 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium (MTT) assay (Roche Diagnostics, Indianapolis, IN).
Metabolic studies
Initial experiments described the time course of HNE metabolism. VSMC grown in T75 flasks were incubated in 9 ml pre-warmed (37°C) modified KH buffer, containing (in mM/l): NaCl, 118; KCl, 4.7; MgCl 2 , 1. Tritiated HNE, DHN, HNA, GS-HNE and GS-DHN were synthesized as described in Section 2. Each metabolite containing approximately 5000 cpm ( : 5 nmol) was diluted to 2 ml with KH buffer and applied to ODS C 18 reverse-phase HPLC column. One milliliter fractions of the eluate were collected every min and radioactivity was measured in each fraction. Retention time (~R) was found to be 46 min for the glutathione conjugates (GS-HNE and GS-DHN peak I), 59 min for DHN (peak II), 68 min for HNA (peak III) and 76 min for HNE (peak IV). (B) HPLC profile of radiolabeled metabolites of [ 3 H]-HNE collected from VSMC. The VSMC were incubated with 50 nmol [ 3 H]-HNE in 5.0 ml KH buffer. After 30 min at 37°C, the KH buffer was collected, centrifuged at 10 000 × g for 10 min, and ultrafiltered. The radioactivity collected in the medium was measured and separated by HPLC using an ODS C 18 column. Radioactivity in the HPLC eluate was measured in 1 ml fractions. Peaks I-IV are marked: peak I corresponds to the reagent glutathione conjugates of HNE, whereas peaks II, III and IV correspond to DHN, HNA and unmetabolized HNE, respectively. drawn at indicated times, centrifuged at 10 000× g for 10 min at 4°C, and the supernatant was ultrafiltered and applied to Varian ODS C 18 reverse-phase column. The metabolites of [
3 H]-HNE were determined by quantifying the radioactivity in each fraction. Individual peaks were analyzed by ESI/MS or GC -CI/MS.
Results
HNE consumption
To examine HNE metabolism, T-75 flasks containing VSMC were used. The culture medium was removed and the cells were incubated with 5 or 10 mM [
3 H]-HNE in 10 ml KH buffer. Incubation of the cells with 5 or 10 mM HNE for 6 h did not cause a significant change in cell viability as determined by the MTT assay. For measuring the rate of HNE metabolism, aliquots were withdrawn at various times and the radioactivity in the medium was separated by HPLC. HNE remaining in the medium was determined by measuring radioactivity in the peak eluting with a retention time (~R) of the reagent HNE (76 min; Fig. 1A ). As shown in Table 1 , ] 80% of HNE was metabolized in 5 min. After 30 min of incubation, only 1-2% unmetabolized HNE remained in the medium. The total radioactivity recovered from the incubation medium was 8097%; 5 1% radioactivity was recovered from the acid-insoluble fraction after 30 min of incubation. Analysis of the rate of consumption of HNE using a monoexponential decay function showed that the half-life of HNE in the medium was approximately 2.4 min. The rate of HNE consumption was calculated to be 7.3 nmol/mg protein/ min. Upon HPLC separation of the medium, individual peaks were assigned to specific HNE metabolites ( Fig.  1) on the basis of~R of the synthesized standards. As shown in Table 1 , after 5 min of incubation, 63% of the radioactivity in the medium was present as glutathione conjugates. Upon further incubation, the relative radioactivity recovered as glutathione conjugates did not change, and most of the residual HNE consumption was accounted for by the formation of HNA. Thus, conjugation with glutathione appears to be a rapid, high-affinity route of HNE elimination, whereas direct oxidation of HNE appears to be a slower process that competes with the glutathione-linked metabolism.
Because the~R of Peak I of the HNE-treated VSMC was identical to reagent glutathionyl conjugates, fractions corresponding to this peak were subjected to ESI + /MS in order to characterize the metabolite(s) present. To identify the gluthathione conjugates, putative conjugates were synthesized and analyzed by ESI + / MS. The ESI + mass spectrum of the reagent GS-HNE showed a molecular ion [M+ H] + with a m/z of 464 ( Fig. 2A) . Additional species with m/z 446 and 455 were ascribed to daughter ions arising from the loss of a single water molecule from the parent 464 ion, and + of dehydrated Gly-Cys-HNE. due to the dehydration of the GS-HNE dimer ((464× 2) − 18/2), respectively, because the 446 and 455 species could be completely converted at lower cone voltages to the 464 species. The ESI + mass spectrum of reagent GS-DHN displayed a single pseudo-molecular ion
+ with a m/z value of 466. No daughter ions due to dehydration of the parent ion were observed (Fig. 2B) . Peaks with m/z values of 464, 456, and 446 are due to non-reduced GS-HNE.
The ESI + mass spectrum of Peak I showed a predominant peak at m/z 466.2, which was assigned to the + 1 charge state of GS-DHN (Fig. 2) . Additional peaks with m/z values of 307.2 and 317.3 were also detected. These corresponded to 36 and 44% of the GS-DHN signal. Assuming a singly charged species, these peaks were assigned to GSH and Gly-Cys-HNE (desglutamyl GS-HNE). There was a small signal with a m/z value of 446.2 that, on the basis of a similar peak observed with reagent GS-HNE, was ascribed to dehydrated GS-HNE [M-18] . This peak represents 20% of the GS-DHN signal. From the 466 and the 446 peaks, the ratio of GS-DHN to GS-HNE was calculated to be 8.0, indicating that the extruded conjugate is predominantly GS-DHN. The~R of Peak II, which accounted for 3% of the total radioactivity, corresponded to the~R of reagent DHN. An addition peak, eluting at~R= 62 min, accounted for 4% of the radioactivity. This peak was not further analyzed.
The~R of Peak III, which represents 28% of the total radioactivity, was identical to reagent HNA (Fig. 1) . To characterize this peak further, fractions corresponding to this peak were pooled, sililated and subjected to GC -CI/MS. The gas chromatograph (Fig. 3A) shows a prominent solvent-independent peak with a~R value identical to reagent HNA. This peak was further subjected to MS analysis. As shown in Fig. 3B , a molecular ion with a m/z value of 401.3, corresponding to derivatized HNA, was observed. The fragmentation pattern of this ion was found to be identical to that of synthetic HNA (data not shown), indicating that peak III is due to HNA. The peak IV displayed high absorbance at 224 nm and appears to be due to the unmetabolized HNE, since it eluted with a~R value identical to reagent HNE (76 min).
Identification of the metabolic pathway
The HPLC and mass spectroscopic analyses already described clearly demonstrate that the major metabolic products of HNE in VSMC are GS-HNE, GS-DHN and HNA. To identify the biochemical pathways involved in the formation of these metabolites, the VSMC were incubated for 1 h at 37°C with inhibitors of AR (sorbinil, 200 mM or tolrestat, 10 mM), alcohol dehydrogenase (4-MP, 400 mM), or ALDH (cyanamide, 2 mM) in 5 ml KH buffer, after which 50 nmol [ 3 H]-HNE were added to the medium, and the incubation was continued for an additional 30 min. Cells incubated with KH buffer under identical conditions served as control. Incubation of the VSMC with 5.0 mM HNE, with or without these inhibitors for 6 h, did not significantly affect cell viability as determined by the MTT assay.
Radioactivity in the incubation medium of sorbiniltreated VSMC separated into four peaks on HPLC (Table 2) . A total of 589 9% radioactivity was recovered in Peak I, with a~R value corresponding to glutathione conjugates, whereas Peak III with a~R value corresponding to HNA accounted for 269 4% of the total radioactivity recovered in the incubation medium. The ESI + mass spectrum of peak I obtained from sorbinil-treated cells shows prominent ions with a m/z value of 466 corresponding to [M+ H] + of GS-DHN, 464.07 corresponding to [M+H] + of GS-HNE, and 446.26 corresponding to the dehydrated [M-18] daughter ion of GS-HNE, respectively. Together, the ions due to GS-HNE accounted for a signal roughly equivalent to that due to GS-DHN. From these data, we infer that sorbinil significantly inhibits the reduction of GS-HNE in VSMC (compare Fig. 4A,B) . To confirm the role of AR in the reduction of GS-HNE in VSMC further, we examined the effect of another, structurally different, AR inhibitor -tolrestat [26] . The HPLC elution profile of the HNE metabolites of tolrestat-treated VSMC was similar to that obtained with sorbinil-treated cells (Table 2) . Moreover, similar to the sorbinil-treated cells, the ESI + mass spectrum of peak I of the metabolites obtained from the incubation medium of the tolrestat-treated cells shows strong signals corresponding to the molecular ions of GS-HNE and GS-DHN (Fig. 4C) . The ion with a m/z ratio of 456.19 was also assigned to GS-HNE, since a similar peak was observed with reagent GS-HNE, presumably due to dehydration of the GS-HNE dimer. The relative abundance of the GS-HNE:GS-DHN in the tolrestattreated cells was roughly 1.5. Thus, treatment of VSMC with two structurally unrelated inhibitors of AR, sorbinil and tolrestat significantly inhibits the reduction of GS-HNE.
In addition to AR, we also examined the possible involvement of alcohol dehydrogenase (ADH) in the reduction of GS-HNE in VSMC, because ADH has been reported to catalyze the reduction of HNE in hepatocytes [2] . However, incubation of VSMC with the ADH inhibitor 4-MP did not inhibit the reduction of GS-HNE to GS-DHN in VSMC (Fig. 4D) , indicating that reduction of glutathionyl conjugate of HNE is not catalyzed by ADH in these cells. The metabolism of HNE in VSMC was, however, significantly perturbed by the ALDH inhibitor, cyanamide. The radioactivity in Peak IV corresponding to HNA decreased by 649 4% in cells pre-incubated with cyanamide as compared with those treated with [ 3 H]-HNE alone (Table 2 ). In addition, the radioactivity present in Peak I, which contained the glutathione conjugates, increased by 269 3%. Based on these observations, we infer that the formation of HNA is catalyzed by ALDH, and that inhibition of HNA formation leads to a corresponding increase in the glutathione-linked metabolism. The ESI + mass spectrum of Peak I showed that cyanamide had no significant effect on the GS-HNE:GS-DHNE ratio (data not shown), suggesting that inhibition of ALDH does not perturb the reduction of the glutathione conjugate. 
Discussion
Despite extensive evidence implicating oxLDL and its products in regulating VSMC growth and function, the mechanisms by which these oxidants affect VSMC are not well understood. The observations that oxidation of LDL increases the formation of lipid-derived aldehydes [1 -3] suggest that the generation and metabolism of these aldehydes may be an important determinant of the VSMC redox state. Surprisingly, little is known of the mechanism by which VSMC metabolize these aldehydes although their metabolism in tissues such as the heart [24] and liver [2] has been studied. An understanding of VSMC-specific metabolism is, however, a prerequisite for assessing the oxidative effects of oxLDL on vascular pathophysiology.
Our studies show that HNE is extensively transformed by VSMC to several metabolites. Generation of multiple products is a characteristic of the metabolism of lipid-derived aldehydes [2] . This is in contrast to the metabolism of ROS, such as superoxide and peroxides, which are predominantly detoxified via a single highaffinity, high-capacity pathway (although compensatory pathways exist as back-ups to the primary defenses, these yield non-unique products). Measurements of the rate of consumption of HNE show that it is rapidly metabolized and extruded to the medium such that B 1% of the radioactivity remained covalently bound to cell constituents. Thus, previous immunological measurements of the adduct of lipid peroxidation-derived aldehydes, such as HNE with proteins, under the conditions of oxidative stress such as in atherosclerotic vessels are likely to be gross underestimates of the true extent of total aldehyde generation. Even measurement of free lipid derived aldehydes are likely to be underestimates since only a small fraction of the aldehyde appears to escape cellular metabolism. Should a similar metabolic efficiency exist in vivo, the extent of aldehyde generation may be approximately tenfold higher than estimated from the immunoreactivity of protein-aldehyde adducts or measurements of free aldehydes. Although we found that HNE was extensively metabolized, the rate of HNE utilization by VSMC was considerably slower than in other cells. Isolated hepatocytes and enterocytes utilize 25-28 nM HNE/mg wet weight/min [27] , which is approximately 100-fold higher Table 2 Role of oxidoreductases in HNE metabolism in vascular smooth muscle cells a Peak I (glutathione conjugates) Additives Others Peak IV (HNE) Peak III (HNA) Peak II (DHN) than the rate of HNE consumption (7 nM/mg protein/ min) measured for VSMC. Whereas a rate of 0.5-2.0 nM/g wet weight/min has been reported for the kidney and heart, respectively [28] , these values cannot be directly compared with those obtained with isolated cells, since metabolism in solid tissues is likely to be limited by diffusion. However, in general, the liver appears to possess the highest capacity to metabolize HNE, whereas other tissues such as the heart and kidney are tenfold less efficient [2] . Thus, the HNE metabolizing capacity of VSMC appears to be lower, suggesting that in VSMC the lipid peroxidation products accumulate longer and in higher concentrations than in most other tissues.
Our results show that, in VSMC, 55-60% of the total HNE is metabolized to glutathionyl conjugates. Although it has been shown that HNE and structurally related a,b-unsaturated aldehydes can spontaneously form Michael adducts with glutathione [2] , intracellular conjugate formation is thought to be catalyzed by glutathione S-transferases (GST) which enhance conjugate formation 300-to 600-fold over the uncatalyzed rate [29] . While several classes of GST isozymes catalyze the conjugation of electrophiles with glutathione, GST 8-8 localized to rat aorta [30] has particularly high specific activity for HNE [31, 32] and may be responsible for the high capacity of VSMC to form glutathione conjugates. However, our ESI/MS analysis showed that, in VSMC, the glutathione conjugate of HNE was further metabolized to GS-DHN. This is in contrast to all other cells examined to date, which show either partial [24, 33] or no significant reduction [2] of the glutathione conjugate. Because free DHN is not electrophilic, it appears likely that, in VSMC, GS-DHN originates from the enzymatic reduction of GS-HNE rather than spontaneous addition of GSH to DHN. This view is further supported by our observation that incubation of VSMC with [ 3 H]-DHN does not form GS-DHN (data not shown).
Reduction of the glutathionyl conjugate of HNE in VSMC appears to be catalyzed by the polyol pathway enzyme AR, because the formation of GS-DHN was significantly inhibited by two, structurally unrelated, AR inhibitors -sorbinil and tolrestat. Our molecular modeling studies demonstrate that the active site of AR can accommodate the straight-chain lipid peroxidationderived aldehydes such as HNE as well as their glutathione conjugates [34] , and the catalytic efficiency of glutathione -aldehyde conjugates is appreciably higher than the free aldehyde [35, 36] . The role of AR in the metabolism of HNE in VSMC is also supported by the observation that exposure of A7r5 cells to HNE enhances the expression of AR [37] , and that inhibitors of AR exacerbate long-term HNE toxicity to VSMC [38] , enhance the formation of protein-HNE adducts, and increase inflammation-induced apoptotic cell death in vivo [39] .
Although in vitro AR efficiently catalyzes the reduction of free HNE [34] , our observations show that, in VSMC, reduction to DHN accounts for only 3-4% of the total HNE metabolized. It appears likely that the high reactivity of HNE with GSH and the presence of HNE-specific GSTs in the aorta precludes extensive reduction of free HNE by AR, and that, in these and other glutathione competent cells, AR encounters mostly the glutathione conjugate and not the free aldehyde. This is in contrast to other cells such as hepatocytes, in which reduction of free HNE represents 20-30% of the total HNE metabolism [2] . While hepatocytes do not express high levels of AR [40] , reduction of HNE in these cells has been suggested to be catalyzed by ADH [2] , which presumably has a higher catalytic rate and competes more efficiently with GST than AR. Both ADH I and II efficiently reduce HNE [41] ; however, these isozymes are poorly expressed in rat blood vessels [42] . Moreover, the small amount of DHN formed under the present experimental conditions was not inhibited by 4-MP, suggesting that the ADH-catalyzed pathway is not a significant route of HNE metabolism in VSMC.
Besides glutathione-linked metabolism, oxidation of HNE to its carboxylic acid, HNA, represents another major pathway for the biotransformation of HNE in VSMC. The HNA accounted for 25 -30% of the total HNE metabolites. The oxidative metabolism of HNE appears to be catalyzed by ALDH, because it was significantly inhibited by the ALDH inhibitor cyanamide. The involvement of ALDH in HNE metabolism has been postulated earlier [2] , and it has been shown that ALDH II located in the mitochondrial matrix is particularly effective in oxidizing HNE [43] , and may be responsible for the generation of HNA measured in our studies. This pathway of HNE metabolism, however, appears to function in parallel with the glutathione-linked metabolism.
A unique and hereto unrecognized aspect of HNE metabolism revealed by our studies is its insensitivity to inhibition of individual enzymatic pathways. As shown in Tables 1 and 2 , the overall rate of HNE consumption was not affected by inhibiting AR or ALDH, suggesting that these metabolic pathways do not control the rate at which HNE is metabolized by VSMC. Indeed, given the high affinity of HNE for GSH and the high concentration of GSH in VSMC [44] , it is expected that, even without the 300-to 600-fold acceleration provided by GST, the rate of HNE consumption will be predominantly determined by rate of formation of GS-HNE. Thus, the previously observed protective effects of AR and ALDH [38, 39, 43] cannot be due to facilitation of HNE removal per se. However, it is likely that ALDH (by oxidizing free HNE) diminishes the extent of GS-HNE formation, whereas AR (by converting GS-HNE to GS-DHN) decreases the time HNE remains in the cell as GS-HNE. The regulation of the extent and duration of GS-HNE formation by AR and ALDH suggests a central role of GS-HNE in regulating the cellular effects of HNE and indicates that GS-HNE is highly reactive. Even though conjugation with glutathione attenuates the reactivity of several electrophiles, it may not be sufficient for detoxification. The GS -acrolein conjugate is markedly nephrotoxic [45] and the glutathione conjugates of 4-hydroxy trans-2-hexenal and nonadienal induce DNA damage [46] . These effects have been ascribed partly to the propensity of the glutathione-aldehyde conjugates to generate oxygen free radicals [47] ; an effect also observed in intact cells, which show high ROS generation upon exposure to HNE [20] . Thus, reduction of the glutathione -aldehyde conjugate by AR and oxidation of free aldehyde by ALDH may prevent feed-forward amplification of ROS generation by products of lipid peroxidation. Moreover, by reducing the aldehyde, AR may prevent the spontaneous dissociation of GS-HNE, which could deliver the aldehyde to non-exposed sites causing trans-cellular toxicity.
In summary, our results suggest that GST, AR and ALDH-catalyzed pathways are the major biochemical routes for HNE metabolism in VSMC. These pathways of HNE transformation are similar to those present in the heart [24] . Although, the pathophysiological consequences of the multiple metabolites generated from HNE, was not assessed, their effects are likely to be small, because \80% of the metabolites were extruded from the cells. Nonetheless, further experiments are required to evaluate which, if any, of the metabolites mediate the mitogenic and/or inflammatory effect of HNE. The varied metabolism of HNE has important implications in understanding several pathophysiological effects of oxLDL on VSMC. Because redox changes are associated with mitogenic and cytotoxic effects of oxLDL, this metabolism may be a critical determinant of its cellular effects. Proliferation of VSMC in response to injury is accompanied by increased formation of HNE -protein adducts [14, 15] and results in marked upregulation of 'HNE-specific' GST [30] and AR [39] . The expression of AR (and its murine homolog FR-1) is markedly enhanced by mitogens such as FGF, IGF, phorbol esters [48, 49] and hydrogen peroxide [38] , and under chronic inflammation inhibition of AR leads to apoptosis [39] . Similarly, AR is also stimulated by cytokines such as TNF-a [40] and interferon-g [39] suggesting that upregulation of aldehyde metabolism is a component of cellular responses to cytokines, which generate oxidants. Thus, based upon the metabolic pathways delineated in the present paper, further studies could be designed to examine how lipid-derived aldehydes, together with the other highly reactive products of lipid peroxidation (e.g. lysophosphatides, oxysterols and platelet-activating factor-like substances), affect the VSMC during restenosis and atherosclerosis.
